INTRODUCTION {#s1}
============

The bacterial cell envelope is a multifunctional compartment that defines the structure of the cell, allows selective passage of nutrients in and waste products out, and protects it from external environments ([@B1]). The Gram‐negative cell envelope contains an outer membrane (OM), a peptidoglycan (PG) layer, a cytoplasmic or inner membrane (IM), and a periplasm ([@B1]). The composition and functions of the cell envelope are known to be modified in response to internal and environmental cues in many bacteria ([@B2], [@B3]).

Two-component systems (TCSs) are signal transduction pathways that enable bacteria to detect internal and environmental signals and link them with appropriate genetic and biochemical programs for adaptation and survival ([@B4]). Prototypical TCSs contain a histidine kinase (HK) that autophosphorylates upon perception of a stimulus and transfers the phosphoryl group to a cognate response regulator (RR), which is then able to perform output functions, most commonly the modulation of gene expression ([@B4]). There are many examples of TCSs that regulate cell envelope functions in response to a variety of signals (e.g., WalRK, MtrAB) ([@B5]).

The NtrYX TCS is found in many proteobacteria, including numerous members of the alpha- and betaproteobacteria ([@B6]), and has been implicated in a variety of cellular processes. In Brucella abortus, activity of the HK NtrY responds to low O~2~ tension, and loss of NtrYX reduces expression of bioenergetic enzymes important for survival in low O~2~ ([@B7], [@B8]). In other species, the NtrYX TCS has also been implicated in regulating low-O~2~ or anaerobic processes, including biofilm formation ([@B6], [@B9]), symbiotic root nodulation and nitrogen fixation ([@B9][@B10][@B12]), pathogen intracellular survival ([@B7], [@B13]), and photosynthesis ([@B14]). In addition, in Sinorhizobium meliloti, loss of NtrYX results in increased exopolysaccharide synthesis, decreased salt and detergent tolerance, and altered cell shape ([@B9], [@B15]). Direct regulation of gene expression by the NtrC family member NtrX has been shown only for the nitrate metabolism genes *narK* and *narX* in Herbaspirillum seropedicae ([@B16]), the amino acid metabolism genes *putA* and *glnA* in Ehrlichia chaffeensis ([@B13]), the photosynthesis *puf* promoter in Rhodobacter capsulatus ([@B14]), and the *ntrYX* operon in B. abortus ([@B17]). Thus, it has been difficult to associate the myriad phenotypes reported for NtrYX mutants with a direct role of NtrX in regulating individual genes.

In the Gram-negative bacterium Rhodobacter sphaeroides, adaptation to low O~2~ tension requires cell envelope remodeling ([@B18]). We previously showed that loss of the NtrYX TCS increased lipid content ([@B19]), a cell envelope change that occurs under low O~2~ conditions in R. sphaeroides ([@B20]). We also found that NtrYX mutants were sensitive to compounds that target the cell envelope ([@B19]). Together, these observations suggest a link between NtrYX activity and cell envelope properties.

Here, we show that R. sphaeroides NtrX is a direct transcriptional regulator of genes involved in cell envelope structure and function. Loss of NtrYX increases cellular lipopolysaccharide (LPS) content, alters cell morphology, increases OM permeability, changes the abundance of cytoplasmic PG precursors, and increases the thickness of the periplasm. We conclude that R. sphaeroides NtrYX has a direct role in regulating cell envelope properties.

RESULTS {#s2}
=======

Identifying direct targets for the NtrYX TCS. {#s2.1}
---------------------------------------------

To investigate how loss of R. sphaeroides NtrYX may lead to the previously observed effects on cell envelope content and function ([@B19]), we used genomic analyses to identify potential pathways that were altered by loss of this TCS. Our previous studies were performed in strains deficient at synthesizing polyhydroxybutyrate (PHB), Δ0382 and ΔNtrYXΔ0382 ([@B19]); therefore, we continued to analyze these strains, which herein are referred to as parent and Δ*ntrYX*, respectively. We used genome-wide RNA sequencing (RNA-seq) to compare transcript abundance in parent and Δ*ntrYX* strains grown under aerobic conditions. We found 81 total genes with at least a twofold increase in transcript abundance in Δ*ntrYX* cells compared to the parent (false discovery rate \[FDR\] ≤ 0.05) and 70 total genes with at least a twofold decrease in Δ*ntrYX* cells compared to the parent (FDR ≤ 0.05) ([Fig. 1A](#fig1){ref-type="fig"}; see also [Data Set S1](#dataS1){ref-type="supplementary-material"} in the supplemental material).

![Comparison of transcript levels in parent versus Δ*ntrYX* strains. (A) Heatmap showing the transcripts found to be differentially expressed in Δ*ntrYX* cells compared to the parent strain under aerobic growth conditions (edgeR FDR ≤ 0.05, fold change ≥ 2.0). Biological replicates are labeled A to C for the parent strain and A to D for the Δ*ntrYX* strain. Each gene value has been mean centered across all experiments; yellow indicates an increased transcript level relative to the mean, while blue indicates a decreased transcript level relative to the mean. The scale bar to the right shows the log~2~ fold change (FC) scale for both colors. (B) Biochemical pathways involved in biosynthesis of UDP-*N*-acetylglucosamine (UDP-GlcNAc) (purple arrows), O antigen (blue arrows), peptidoglycan (red arrows), and lipid A (green arrows). Gene names in bold font and color are those with a significant change in expression in Δ*ntrYX* cells compared to the parent strain (edgeR FDR ≤ 0.05). Metabolites in bold font were measured in experiments described in [Fig. 3](#fig3){ref-type="fig"} (UDP-MurNAc-tripeptide and -pentapeptide). (C) Transcript levels (RPKM normalized read counts) for genes involved in the four pathways from panel B in the parent strain (dark blue) and Δ*ntrYX* strain (yellow). Error bars indicate standard deviations. Genes with a significant difference in transcript levels between the strains (edgeR FDR ≤ 0.05) are indicated by an asterisk. Sections of panels B and C are shown in color (blue, red, orange, and green) to indicate genes that encode enzymes in the indicated biosynthetic pathways.](mBio.00957-20-f0001){#fig1}
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RNA-seq data of parent and Δ*ntrYX* strains. Download Data Set S1, XLSX file, 0.7 MB.

Copyright © 2020 Lemmer et al.

2020

Lemmer et al.

This content is distributed under the terms of the

Creative Commons Attribution 4.0 International license

.

To gain insight into the cellular pathways altered by loss of NtrYX, we analyzed transcripts with a significant change in abundance in the Δ*ntrYX* strain compared to the parent strain for enrichment of any pathway or Gene Ontology term. We found that genes encoding PG and UDP-*N*-acetylglucosamine (UDP-GlcNAc), a precursor of PG and LPS, biosynthesis were enriched among genes with significant changes in transcript abundance in the Δ*ntrYX* strain compared to the parent strain ([Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}). We also found significant changes in transcript abundance for genes encoding steps in the synthesis of LPS components O antigen and lipid A, including a large increase in mRNA derived from *envA/lpxC*, encoding the first committed step in lipid A biosynthesis, in the Δ*ntrYX* strain compared to the parent strain ([Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}). Combined, these changes in transcript abundance suggest that there is a connection between the R. sphaeroides TCS NtrYX and biosynthesis of PG and LPS.

To ask whether genes encoding any of these cell envelope-related pathways are directly regulated by R. sphaeroides NtrYX, we used genome-scale chromatin immunoprecipitation sequencing (ChIP-seq) to identify binding sites of the transcription factor NtrX; this analysis identified six high-confidence NtrX binding sites in the genome ([Table 1](#tab1){ref-type="table"}). One R. sphaeroides NtrX binding site is upstream of its own operon, suggesting that it autoregulates *ntrYX* transcription. The other five NtrX binding sites are upstream of genes and operons encoding functions related to the cell envelope, including PG and extracellular polysaccharide synthesis, cell wall remodeling enzymes, a cytoskeletal protein, a putative lipoprotein, and cell division proteins ([Table 1](#tab1){ref-type="table"}). This predicts that NtrX plays a direct role in regulating transcription of some of the cell envelope pathways identified when comparing transcript levels between Δ*ntrYX* and parent cells. Indeed, the transcriptomic analysis of the parent and Δ*ntrYX* cells showed significant changes in RNA levels (FDR ≤ 0.05) in genes downstream of many identified NtrX binding sites ([Table 1](#tab1){ref-type="table"}). Also, two of the identified NtrX target operons (*mraZ-mraY* and *ddlA-ftsA*) are part of the highly conserved division cell wall (*dcw*) gene cluster, containing genes for PG synthesis and cell division. Indeed, of the 17 conserved genes of the *dcw* cluster that are present in R. sphaeroides, transcripts for 12 of them were significantly less abundant (FDR ≤ 0.05) in the Δ*ntrYX* strain, while transcripts for the last gene in the cluster, *envA/lpxC*, were elevated in cells lacking NtrYX ([Data Set S1](#dataS1){ref-type="supplementary-material"}).

###### 

NtrX binding sites identified by ChIP-seq

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Peak\                                              Peak\                                              ChIP fold\                                         Downstream gene   Transcript\         Transcript\                                                                                                                     
  start[^*a*^](#ngtab1.1){ref-type="table-fn"}\      stop[^*a*^](#ngtab1.1){ref-type="table-fn"}\       enrichment\                                                          log~2~ fold\        change\                                                                                                                         
  (bp)                                               (bp)                                               (IP/input)                                                           change\             FDR                                                                                                                             
                                                                                                                                                                             (Δ*ntrYX*/parent)                                                                                                                                   
  -------------------------------------------------- -------------------------------------------------- -------------------------------------------------- ----------------- ------------------- ----------------------------------------------------------------------------------- ------------------------------------------- ---------------
  458,400                                            458,999                                            8.5 ± 1.5                                          RSP_1860          RSP_1860            Cell wall hydrolase, CwlJ-like                                                      1.12                                        4.2 × 10^−5^

                                                                                                                                                                                                                                                                                                                                 

  1,472,000                                          1,472,399                                          4.2 ± 0.5                                          RSP_2839          *ntrY*              Two-component system sensor histidine kinase NtrY                                   ND[^*c*^](#ngtab1.3){ref-type="table-fn"}   2.4 × 10^−7^

                                                                                                                                                           RSP_2840          *ntrX*              Two-component system response regulator NtrX                                        ND[^*c*^](#ngtab1.3){ref-type="table-fn"}   2.4 × 10^−7^

                                                                                                                                                                                                                                                                                                                                 

  2,064,600[^*d*^](#ngtab1.4){ref-type="table-fn"}   2,065,100[^*d*^](#ngtab1.4){ref-type="table-fn"}   2.5 ± 0.0[^*d*^](#ngtab1.4){ref-type="table-fn"}   RSP_0335          RSP_0335            Diguanylate cyclase/phosphodiesterase                                               −0.28                                       1.7 × 10^−2^

                                                                                                                                                                                                                                                                                                                                 

  2,064,600[^*d*^](#ngtab1.4){ref-type="table-fn"}   2,065,100[^*d*^](#ngtab1.4){ref-type="table-fn"}   2.5 ± 0.0[^*d*^](#ngtab1.4){ref-type="table-fn"}   RSP_0334          RSP_0334            Hypothetical protein with lipoprotein lipid attachment\                             −0.80                                       6.2 × 10^−4^
                                                                                                                                                                                                 site                                                                                                                            

                                                                                                                                                           RSP_0333          RSP_0333            Cellulose synthase catalytic unit (UDP-forming)                                     −0.68                                       1.9 × 10^−4^

                                                                                                                                                           RSP_0332          RSP_0332            Cellulose synthase subunit                                                          −0.42                                       2.7 × 10^−3^

                                                                                                                                                                                                                                                                                                                                 

  1,661,000                                          1,661,399                                          2.6 ± 0.2                                          RSP_2974          RSP_2974            Murein [dd]{.smallcaps}-endopeptidase MepM/murein hydrolase\                        0.34                                        0.11
                                                                                                                                                                                                 activator NlpD                                                                                                                  

                                                                                                                                                           RSP_2975          RSP_2975            Cytoskeletal protein CcmA (bactofilin family)                                       0.06                                        0.99

                                                                                                                                                                                                                                                                                                                                 

  694,110                                            695,200                                            2.1 ± 0.1                                          RSP_2095          *mraZ*              MraZ protein                                                                        −0.63                                       2.4 × 10^−3^

                                                                                                                                                           RSP_6038          *rsmH/mraW*         16S rRNA (cytosine1402-N4)-methyltransferase                                        −0.61                                       2.2 × 10^−3^

                                                                                                                                                           RSP_2097          RSP_2097            Hypothetical protein (putative FtsL)                                                −0.52                                       1.8 × 10^−2^

                                                                                                                                                           RSP_2098          *ftsI*              Cell division protein FtsI (penicillin-binding protein 3)                           −0.45                                       3.0 × 10^−3^

                                                                                                                                                           RSP_2099          *murE*              UDP-*N*-acetylmuramoylalanyl-[d]{.smallcaps}-glutamate−\                            −0.27                                       3.5 × 10^-−2^
                                                                                                                                                                                                 2,6-diaminopimelate ligase                                                                                                      

                                                                                                                                                           RSP_2100          *murF*              UDP-*N*-acetylmuramoyl-tripeptide−[d]{.smallcaps}-alanyl-[d]{.smallcaps}-alanine\   −0.38                                       8.7 × 10^−2^
                                                                                                                                                                                                 ligase                                                                                                                          

                                                                                                                                                           RSP_2101          *mraY*              Phospho-*N*-acetylmuramoyl-pentapeptide-transferase                                 −0.09                                       0.26

                                                                                                                                                                                                                                                                                                                                 

  711,380                                            712,030                                            2.8 ± 1.1                                          RSP_2111          *ddlA*              [d]{.smallcaps}-Alanine-[d]{.smallcaps}-alanine ligase                              −0.58                                       2.7 × 10^−2^

                                                                                                                                                           RSP_2112          *ftsQ*              Cell division protein FtsQ                                                          −1.07                                       1.4 × 10^−3^

                                                                                                                                                           RSP_2113          *ftsA*              Cell division protein FtsA                                                          −1.04                                       2.7 × 10^−5^
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

![](mBio.00957-20-t0001)

All peak locations are on chromosome 1.

ID, identifier.

ND, not defined, because in the Δ*ntrYX* strain, the transcript level was zero.

This ChIP-seq peak was located in the shared upstream intergenomic region between RSP_0335 and RSP_0334.

Loss of NtrYX leads to altered cell morphology and PG precursor abundance. {#s2.2}
--------------------------------------------------------------------------

Since the above analysis indicated direct control by NtrYX on the *dcw* cluster, we used bright-field microscopy to look for effects of this TCS on cell morphology. We observed an increase in the occurrence of two cells end to end in Δ*ntrYX* cultures compared to parent cultures ([Fig. 2A](#fig2){ref-type="fig"}), suggesting that more of the exponential-phase Δ*ntrYX* cells had initiated cell division, but not yet separated. However, we did not observe the long chains of cells that are often associated with complete blocks in cell division ([@B21]). To investigate this further, we stained membranes and DNA (with FM4-64 and 4′,6′-diamidino-2-phenylindole \[DAPI\], respectively) to test for diagnostic features of cell division. Cells were scored as dividing if they contained a detectable mid-cell constriction in the membrane (the site of septum formation) and one or two DNA foci at this mid-cell position (see [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material). Once there was a detectable pixel gap between the membranes of adjacent cells, they were scored as no longer dividing. This analysis scored ∼14% of the cells as dividing in parent cultures, compared with ∼29% in the Δ*ntrYX* cultures ([Fig. 2B](#fig2){ref-type="fig"}). To ask whether this apparent increase in dividing cells could be due to differences in the growth rate between the Δ*ntrYX* and parent strain, we measured doubling times and found that the Δ*ntrYX* cultures had a lower growth rate than the parent strains (2.9-h doubling time for the parent versus 4.0 h for the Δ*ntrYX* strain; [Table S1](#tabS1){ref-type="supplementary-material"}). Thus, the observed increase in the percentage of Δ*ntrYX* cells that have initiated mid-cell septum formation does not reflect a higher growth rate of the mutant strain. Rather, this difference could reflect the fact that cells lacking NtrYX take longer to complete the process of cell division.

![Analysis of cell morphology in aerobically grown parent and Δ*ntrYX* cells. (A) Bright-field microscopy images of cells in exponential and stationary growth phases. Bars, 5 μm. (B) Percentage of cells scored as dividing during exponential growth phase. Cells were scored as dividing if they contained a detectable mid-cell constriction in the membrane using the fluorescent membrane dye FM-64 and, if that was ambiguous, one or two DNA foci at this mid-cell position. Examples of a stained dividing and nondividing cell are shown in [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material. (C) Histogram and probability density plot representing the length distribution of cells scored as dividing in parent (white bars) and Δ*ntrYX* (dark gray bars) cultures. The dashed lines represent the respective means, with values and numbers of cells (*n*) used for this analysis listed to the right of each line. (D) Representation of the mean shape of parent (white) and Δ*ntrYX* (gray) cells with a length ranging from 2.3 to 3 μm for each strain. Coordinates were obtained with MicrobeJ using the indicated number (*n*) of bacteria. (E and F) Violin plots of the length (E) and width (F) of parent (white) or Δ*ntrYX* (gray) cells during exponential or stationary growth phase. Cells with a fully formed division septum were excluded. The outer boundary of the plots represents the probability density for all the data in the sample. Box plots are shown inside the violin plots, with lower and upper boundaries of the box representing the first and third quartile, respectively. The horizontal bar inside the box represents the median. The black dots inside the box represent the mean, with the corresponding values to the side. The numbers of cells (*n*) analyzed from at least three different experiments are indicated below the plots. Unpaired *t* tests were used to compare the populations in panels B, C, E, and F with the asterisks indicating a significant *P* value as follows: \*\*, *P* \< 0.01; \*\*\*\*, *P* \< 0.0001.](mBio.00957-20-f0002){#fig2}
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Representative images of a dividing (A to C) and a nondividing (D to F) Δ*ntrYX* cell. (A and D) Bright-field microscopy images in which segmentation and membrane constriction are detected by MicrobeJ. (B and E) Fluorescent membrane staining by FM4-64, which is used to confirm mid-cell constriction and the presence of the division septum. (C and F) Fluorescent DNA staining with DAPI, which is used to confirm the condensed DNA in dividing cells. The scale bars (A and D) correspond to 2 μm. Download FIG S1, EPS file, 0.5 MB.
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Growth rates of parent and Δ*ntrYX* cultures. Download Table S1, PDF file, 0.02 MB.
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During this analysis, we also found that there was a difference in the mean cell length, pole to pole, of cells that contained detectable division septa between the Δ*ntrYX* and parent strains, with a mean length of 2.9 μm for the parent and 3.7 μm for cells lacking NtrYX ([Fig. 2C](#fig2){ref-type="fig"}). In the histograms of these measurements, the NtrYX mutant also has a wider distribution of length values, which could be due to either a delay in initiation or progression of division or both. To ask whether cells lacking NtrYX initiated septum formation at a longer length, we used MicrobeJ software ([@B22]) to plot the average cell shape for all cells 2.3 to 3.0 μm long for both strains. In the parent cells, a mid-cell constriction is seen at this cell length interval, showing that most of these cells have entered division phase ([Fig. 2D](#fig2){ref-type="fig"}). In contrast, a division septum is not observed in the Δ*ntrYX* cells in this same length interval ([Fig. 2D](#fig2){ref-type="fig"}). We also found that the mean cell length of exponential-phase cells increases from 2.0 μm in the parent cells to 2.7 μm in the Δ*ntrYX* cells and from 1.9 μm to 3.3 μm, respectively, in stationary phase, while the mean cell width decreased from 0.70 μm to 0.63 μm in growth phase and from 0.68 μm to 0.62 μm in stationary phase ([Fig. 2E](#fig2){ref-type="fig"} and [F](#fig2){ref-type="fig"}). These changes in cell morphology also result in a significant increase in longitudinal-section area in Δ*ntrYX* cells compared to parent cells ([Fig. S2](#figS2){ref-type="supplementary-material"}). Thus, on average, the Δ*ntrYX* cells are longer, narrower, and larger than the parent cells and initiate septum formation at a longer average length.

10.1128/mBio.00957-20.2

Violin plots of cell length, width, and area measurements for aerobically grown parent, HLM01, HLM02, and Δ*ntrYX* cells in exponential and stationary growth phases. HLM01 and HLM02 strains have transposon insertions disrupting activity of the NtrYX TCS (K. C. Lemmer, W. Zhang, S. J. Langer, A. C. Dohnalkova, et al., mBio 8:e00513-17, 2017, <https://doi.org/10.1128/mBio.00513-17>). The outer boundary of the plots represents the probability density for all the data in the sample. Box plots are shown inside the violin plots, with lower and upper boundaries of the box representing the first and third quartile, respectively. The horizontal bar inside box represents the median. The black dots inside the box represent the mean, with the corresponding values to the side. Unpaired *t* tests were used to compare the value for each mutant to that of the parent, with statistical significance indicated as follows: \*\*\*\*, *P* \< 0.0001; ns, not significant. Download FIG S2, PDF file, 1.0 MB.
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Since cell shape is largely determined by the PG layer ([@B23], [@B24]), we asked whether Δ*ntrYX* cells had changes in the composition of this cell wall polymer. To do this, we performed muropeptide analysis of sacculi isolated from exponential and stationary-phase parent and Δ*ntrYX* cultures. We observed muropeptide differences between exponential and stationary phases in the parent strain ([Fig. S3](#figS3){ref-type="supplementary-material"}), as expected from analysis of other Gram-negative bacteria ([@B25]). However, we found no reproducible differences in the composition of the PG between the parent and Δ*ntrYX* strains in either growth phase ([Fig. S3](#figS3){ref-type="supplementary-material"}).

10.1128/mBio.00957-20.3

Chromatograms of PG fragments from parent and Δ*ntrYX* cells in exponential (A) and stationary (B) growth phase. Aerobic cultures (500 ml) were harvested in exponential (OD~600~ of ∼0.5) or stationary (OD~600~ \>1.5) phase. Peptidoglycan sacculi were purified, digested with mutanolysin, and separated by high-performance liquid chromatography (HLPC) as described previously (R. E. Schaub and J. P. Dillard, Bio Protoc 7:e2438, 2017, <https://doi.org/10.21769/BioProtoc.2438>). Download FIG S3, EPS file, 0.8 MB.
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The genome-wide transcript analysis revealed reduced RNA abundance for several genes encoding enzymes for cytoplasmic steps of PG precursor biosynthesis (*murB*, *murC*, *murE*, *murG*, and *ddlA*) ([@B26]) in the Δ*ntrYX* strain compared to the parent strain ([Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"} and [Data Set S1](#dataS1){ref-type="supplementary-material"}). In addition, NtrX was found to bind upstream of two operons that encode PG precursor synthesis enzymes (MurE, MurF, MraY, and DdlA; [Table 1](#tab1){ref-type="table"}). To ask whether loss of NtrYX led to altered levels of PG precursors, parent and Δ*ntrYX* cells were labeled with \[^3^H\]glucosamine, and after a chase with unlabeled glucosamine, the total (cytoplasmic and periplasmic) water-soluble PG was extracted by boiling, separated from the sacculus by centrifugation, and analyzed by size exclusion chromatography. Parent cells contained approximately equal amounts of UDP-MurNAc-tripeptide and UDP-MurNAc-pentapeptide ([Fig. 3](#fig3){ref-type="fig"}), the cytoplasmic products of MurE and MurF activity, respectively ([@B26]) ([Fig. 1B](#fig1){ref-type="fig"}). In contrast, Δ*ntrYX* cells contained significantly more UDP-MurNAc-pentapeptide than UDP-MurNAc-tripeptide ([Fig. 3](#fig3){ref-type="fig"}). This analysis identified higher levels of additional smaller PG fragments in both strains than previously reported in other species ([@B27], [@B28]). We also found that Δ*ntrYX* cells routinely incorporated less \[^3^H\]glucosamine than the parent cells, so we were not able to compare the absolute levels of these water-soluble PG precursors between strains. However, differences in the relative ratios of UDP-MurNAc-tripeptide and -pentapeptide demonstrate that PG metabolism is altered and that Δ*ntrYX* cells have decreased availability of the penultimate PG precursor compared to parent cells.

![Analysis of soluble PG precursor abundance. Parent and Δ*ntrYX* aerobic cultures were pulse-labeled with \[^3^H\]glucosamine, and water-soluble PG precursors were collected during a chase period. Radiolabeled compounds were separated by size exclusion chromatography, and their radioactivity was measured by liquid scintillation counting. The identities of the indicated peaks (peaks 1 and 2) were confirmed by comparing retention time with those of known metabolites. Peak 1 is UDP-MurNAc-pentapeptide, and peak 2 is UDP-MurNAc-tripeptide. Precursors to the right of the labeled peaks are smaller in size than UDP-MurNAc-tripeptide, but we were not able to determine their identity.](mBio.00957-20-f0003){#fig3}

Loss of NtrYX changes OM composition and function. {#s2.3}
--------------------------------------------------

The transcript and NtrX binding data predicted that there may be additional cell envelope changes between the parent and Δ*ntrYX* cells. For example, transcripts of genes for UDP-GlcNAc biosynthesis, a precursor for both PG and lipid A biosynthesis, were more abundant in the Δ*ntrYX* strain than in the parent strain ([Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}). In addition, *envA/lpxC*, which encodes the first committed step of lipid A synthesis, was one of the most highly differentially expressed genes between the parent and Δ*ntrYX* cultures, with an 8.8-fold increase in transcript abundance in cells lacking NtrYX compared to parent cells ([Fig. 1B](#fig1){ref-type="fig"} and [C](#fig1){ref-type="fig"}). To ask whether LPS biosynthesis was affected by the loss of NtrYX, we measured total LPS in parent and Δ*ntrYX* cells. We found that the Δ*ntrYX* cells contained approximately twice as much LPS as the parent cells when normalized to culture optical density (OD) ([Fig. 4A](#fig4){ref-type="fig"}). For a control, we measured cellular protein, DNA, and RNA levels, and found no significant changes in the content of these macromolecules when normalized to culture OD ([Table S2](#tabS2){ref-type="supplementary-material"}). As expected from previous studies ([@B19]), Δ*ntrYX* cells contained twice as much cellular phospholipid as parent cells ([Table S2](#tabS2){ref-type="supplementary-material"}).

![Analysis of OM composition and function. (A) Box plot of LPS levels in parent (white) and Δ*ntrYX* (gray) cells grown aerobically. The lower and upper boundaries of the boxes represent the first and third quartile, respectively. The horizontal bar inside box plots represents the median. The top and bottom whiskers extend to the maximum and minimum values, respectively. (B) *N*-Phenyl-1-naphthylamine (NPN) fluorescence as a reporter of outer membrane permeability. Parent (white) and Δ*ntrYX* (gray) aerobic cultures were incubated with NPN and, where indicated, EDTA as a known outer membrane permeabilizer. (C) Propidium iodide (PI) fluorescence as a reporter of membrane integrity and cell viability in parent (white) and Δ*ntrYX* (gray) aerobic cultures. For panels B and C, fluorescence intensity was measured on a 96-well plate reader. Error bars on these bar graphs indicate standard deviations. Data shown in all panels are from four or more independent cultures. Unpaired *t* tests were used to compare the populations with the asterisks indicating a significant *P* value as follows: \*\*\*, *P* \< 0.001; \*\*\*\*, *P* \< 0.0001.](mBio.00957-20-f0004){#fig4}
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Cell biomass composition (in micrograms/milliliter) of aerobically grown parent and *ΔntrYX* cultures, both normalized to an absorbance of 1 at 600 nm. Download Table S2, PDF file, 0.02 MB.

Copyright © 2020 Lemmer et al.

2020

Lemmer et al.

This content is distributed under the terms of the

Creative Commons Attribution 4.0 International license

.

Since LPS is known to contribute to the permeability barrier function of the OM of Gram-negative cells ([@B29]), we asked whether this aspect of cell envelope function was altered in Δ*ntrYX* cells. To do this, we used *N*-phenyl-1-naphthylamine (NPN), a nonpolar indicator that fluoresces in phospholipid environments, as a reporter of OM permeability. NPN is normally excluded from Gram-negative bacteria by the OM; however, when the integrity of this membrane is compromised, such as after treatment with the well-known permeabilizer EDTA, there is increased NPN fluorescence due to its enhanced transport across the OM ([@B30]). We observed increased NPN fluorescence in *ΔntrYX* cells compared to parent cells ([Fig. 4B](#fig4){ref-type="fig"}), suggesting that OM permeability is increased in the mutant. We found that EDTA increases NPN fluorescence in the parent cells; however, there is no increase in NPN fluorescence observed when *ΔntrYX* cells are treated with the same concentration of EDTA ([Fig. 4B](#fig4){ref-type="fig"}). Thus, although *ΔntrYX* cells have an increase in LPS content, the OM seems less functional as a permeability barrier. These observations are consistent with our previous finding that NtrYX mutants are more sensitive to growth inhibition by EDTA treatment than parent cultures, as well as by drugs (rifampin, rifaximin, erythromycin, and clarithromycin) that are normally excluded by the wild-type OM ([@B19]). To test that the increase in NPN florescence was not due to an increase in dead or lysing cells, we asked whether there was a difference in staining by the membrane-impermeant nucleic acid stain propidium iodide (PI) between the parent and *ΔntrYX* cultures. We did not observe a significant increase in PI staining in the *ΔntrYX* cultures compared to the parent cultures ([Fig. 4C](#fig4){ref-type="fig"}), supporting the conclusions that the inner membranes of *ΔntrYX* cells remain largely intact in NtrYX cells and that the increased permeability in this strain is localized to the OM.

Loss of NtrYX increases periplasm thickness. {#s2.4}
--------------------------------------------

To test for other changes in cell envelope morphology in cells lacking NtrYX, we used transmission electron microscopy (TEM) to probe the structure of parent and *ΔntrYX* cells. TEM thin sections showed similar intracellular ultrastructure in the parent and *ΔntrYX* cells, but cells lacking NtrYX appeared to have thickened cell envelopes ([Fig. 5A](#fig5){ref-type="fig"} and [B](#fig5){ref-type="fig"}). Indeed, using high-resolution imaging of transverse sections to measure the distance between the IM and OM ([Fig. 5C](#fig5){ref-type="fig"} and [D](#fig5){ref-type="fig"}), the *ΔntrYX* cells had a 47% increase in the mean periplasm thickness, from 17.9 nm in parent cells to 26.4 nm in cells lacking NtrYX ([Fig. 5C](#fig5){ref-type="fig"} to [E](#fig5){ref-type="fig"}).

![Analysis of the ultrastructure of the cell envelope. (A and B) TEM micrographs of thin sections of parent and Δ*ntrYX* cells grown aerobically. (C and D) Representative TEM cross sections used to measure the distance between the IM and OM. Arrows indicate the OM (black ring) and IM (white ring); the distance between these structures was used to determine the periplasm thickness. Insets show the whole-cell view for each representative image. (E) Histogram and probability density plot of the periplasm thickness measurements from analyzing TEM cross sections of parent (white bars) and Δ*ntrYX* (dark gray bars) cells. Dashed lines represent the respective means with values listed to the right of each line. An unpaired *t* test was used to compare the means with a *P* value of \<0.0001.](mBio.00957-20-f0005){#fig5}

Other possible roles for R. sphaeroides NtrYX. {#s2.5}
----------------------------------------------

We also asked whether the R. sphaeroides *ΔntrYX* mutant had phenotypes associated with loss of NtrYX in other species (nitrogen assimilation or fixation, expression of low-oxygen or anaerobically induced genes \[[@B7], [@B10], [@B14], [@B16], [@B31]\]). To test whether loss of NtrYX affects N~2~ fixation, we grew parent and *ΔntrYX* strains under anaerobic photoheterotrophic conditions with ammonia or N~2~ as the nitrogen source. The *ΔntrYX* mutant grew under both conditions, albeit with longer doubling times than those for the parent, similar to the slower growth observed under aerobic conditions ([Table S1](#tabS1){ref-type="supplementary-material"}), suggesting that loss of NtrYX does not cause a specific impairment in N~2~-fixing ability. In addition, the *ΔntrYX* mutant was able to grow aerobically and anaerobically with all nitrogen sources tested (ammonia, urea, glutamate) ([Table S3](#tabS3){ref-type="supplementary-material"}). Finally, among the 151 differentially expressed transcripts that we identified comparing the parent and *ΔntrYX* strains, there were none encoding nitrogen metabolism or fixation functions ([Data Set S1](#dataS1){ref-type="supplementary-material"}).
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Growth of parent and Δ*ntrYX* strains with different nitrogen sources. Download Table S3, PDF file, 0.03 MB.
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In another purple nonsulfur bacterium, R. capsulatus, NtrX has been reported to directly repress transcription of photosynthesis genes ([@B14]). Indeed, the R. sphaeroides *ΔntrYX* mutant had ∼2- to 3-fold-increased levels of transcripts for many photosynthesis genes compared to the parent when grown under aerobic conditions (where expression of these genes is normally low) ([Data Set S1](#dataS1){ref-type="supplementary-material"}). However, we did not detect NtrX binding at any promoters for any known photosynthesis genes ([Table 1](#tab1){ref-type="table"} and [Data Set S2](#dataS2){ref-type="supplementary-material"}), and although the transcript abundance for these genes in aerobically grown *ΔntrYX* cells is elevated, these RNA levels are much lower than those observed under low-O~2~ or anaerobic conditions. In addition, absorbance scans of *ΔntrYX* and parent cultures found no significant light-absorbing peaks that are diagnostic of R. sphaeroides pigment-protein complexes of the photosynthetic membrane ([Fig. S4](#figS4){ref-type="supplementary-material"}). Thus, our data predict that R. sphaeroides NtrX is not a direct repressor of photosynthetic gene expression under the conditions we tested.
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Whole-cell absorbance scans of parent and Δ*ntrYX* aerobic cultures. The absence of peaks for all of the cultures show the lack of detectable photosynthetic pigment-protein complexes. Spectra were scaled to an absorbance of 1 at 680 nm to normalize for cell density and then staggered vertically for presentation of multiple curves on one axis. Two representative scans are shown for each strain. Download FIG S4, PDF file, 0.3 MB.
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DISCUSSION {#s3}
==========

The bacterial cell envelope provides many important functions. It interacts with and protects cells from external environments, contributes to cell morphology, serves as a selective permeability barrier, houses bioenergetic and signaling functions, defines the sensitivity to antibacterial agents, and plays a crucial role in biofilm formation, symbiosis, and virulence ([@B1]). Despite the important roles of this cellular compartment, we lack a detailed understanding of the biosynthesis and remodeling of the cell envelope.

In this study, we show that the R. sphaeroides NtrYX TCS is directly involved in bacterial cell envelope assembly, structure, and function. We used genome-wide transcript and NtrX binding data to define the direct transcriptional targets of this RR, uncovering a role for NtrYX as a direct regulator of several aspects of cell envelope biology. We performed the current study in a strain deficient in synthesizing PHB; however, we have not observed any phenotypic differences in NtrYX mutant strains with and without an intact PHB synthesis pathway. Below, we summarize how our genome-scale data sets led to biochemical and imaging studies to demonstrate a set of previously unknown OM, periplasm, and other cell envelope changes associated with the loss of the NtrYX TCS.

Direct targets of NtrX. {#s3.1}
-----------------------

Using ChIP-seq, we found that R. sphaeroides NtrX bound upstream of the *ntrYX* operon, suggesting that it is autoregulatory similar to the situation in B. abortus ([@B17]). However, genes downstream of the other NtrX binding sites predict previously unreported targets for this TCS ([Table 1](#tab1){ref-type="table"}). Transcript abundance of several NtrX target operons was lower in the NtrYX mutant than in parent cells (RSP_0335, RSP_0334-RSP_0332, *mraZ-mraY*, and *ddlA-ftsA*), suggesting that, like other NtrC family members ([@B32]), R. sphaeroides NtrX acts as an activator. In addition, transcript abundance of one direct NtrX target (RSP_1860) was increased in cells lacking NtrYX, so it is possible that NtrX also acts as a repressor of transcription, as was suggested for the *ntrY* promoter of B. abortus ([@B17]).

Regulation of cell wall functions by NtrYX. {#s3.2}
-------------------------------------------

Many of the genes that we identified as direct targets of NtrX ([Table 1](#tab1){ref-type="table"}) encode homologues of enzymes that act in PG synthesis (*murE*, *murF*, *mraY*, *ddlA*, *ftsI*) or hydrolysis (RSP_1860, RSP_2974) in other bacteria. These direct targets of NtrX lead to the hypothesis that cells lacking NtrYX would exhibit phenotypes that are associated with alterations in PG synthesis and/or cleavage ([@B23]). Consistent with this hypothesis, we observed a change in cell shape (longer and narrower) in cells lacking NtrYX compared to parent cells. While previous analysis of other R. sphaeroides NtrYX mutants by different assays did not show significant differences in cell length ([@B19]), analysis of strains containing either transposon insertions or in-frame deletions of *ntrYX* in this study revealed significant changes in cell shape between parent and NtrYX mutant cells (see [Fig. S2](#figS2){ref-type="supplementary-material"} in the supplemental material). The specific functions of the putative PG hydrolases RSP_1860 and RSP_2974 have not been characterized in this bacterium, but cell wall hydrolases are known to affect cell growth and maintenance of cell shape in other species ([@B2], [@B33]), so it is possible that the observed changes in cell shape in NtrYX mutants are due to changes in the PG sacculus that we were not able to detect by muropeptide analysis ([Fig. S3](#figS3){ref-type="supplementary-material"}). However, homologues of other direct targets of NtrX have also been shown to affect cell shape in other bacteria, including RSP_2975 (the predicted cytoskeletal protein CcmA) ([@B34], [@B35]), and the cell division genes *ftsA*, *ftsQ*, *ftsL*, and *ftsI*.

In addition, we found that cells lacking NtrYX have decreased levels of the predicted penultimate cytoplasmic PG precursor UDP-MurNAc-tripeptide compared to parent cells. One explanation for the change in this PG precursor is the decreased levels of RNA encoding enzymes for PG precursor synthesis (*murB*, *murC*, *murE*, *murG*, *ddlA*) in cells lacking NtrYX. If these lower transcript levels limit the abundance of PG biosynthetic enzymes, it could decrease flux through this part of the pathway. Concurrently, maintained demand for the final PG precursor UDP-MurNAc-pentapeptide could cause rapid turnover of UDP-MurNAc-tripeptide to UDP-MurNAc-pentapeptide, as the transcript levels encoding MurF, which catalyzes this step, are not reduced ([Fig. 1C](#fig1){ref-type="fig"}). In addition, the predicted increased flux of UDP-GlcNAc into LPS synthesis (see below) could impose a further limitation on PG synthesis. Thus, we predict that some of the differences in cell size, shape, and growth rate in cells lacking NtrYX can be attributed to the impact of changes in PG precursors on synthesis of this important cell envelope polymer.

Impact of NtrYX on cell division. {#s3.3}
---------------------------------

Bacterial cell division requires the coordinated synthesis and constriction of cell envelope components at the septum, and studies with other species have shown that proteins encoded by the conserved *dcw* gene cluster are important for these processes ([@B36], [@B37]). We show here that NtrX is a direct transcription activator of two operons within the *dcw* cluster (*mraZ-mraY* and *ddlA-ftsA*) ([Table 1](#tab1){ref-type="table"}). These two NtrX-dependent operons are predicted to encode four gene products known to be essential for cell division in other organisms (FtsL, FtsI, FtsQ, and FtsA) ([@B38]), a transcription factor that may further regulate the *dcw* gene cluster (MraZ) ([@B39]), and enzymes for PG precursor synthesis described above.

Our analysis revealed an increased number of Δ*ntrYX* cells in a division state and septum formation at a longer and more varied cell length. These observations suggest that there could be a delay in initiation of cell division, as well as slowed progression of division, and are consistent with the decreased growth rate that we measured for Δ*ntrYX* cells. This is not surprising given the decreased transcript levels of four direct target genes of NtrX that encode proteins that localize to the division septum and are essential for cell division (FtsA, FtsQ, FtsI, and FtsL) ([@B21], [@B38]). In other organisms, loss of any of these *fts* genes blocks division completely, leading to long filamentous cells or loss of viability ([@B21]). However, decreased levels of these genes cause more moderate phenotypes, in particular, depletion of either *ftsA* or *ftsQ* leads to increased cell length in other bacteria ([@B40], [@B41]), similar to the longer length observed in Δ*ntrYX* cells that have twofold lower levels of *ftsA* and *ftsQ* transcripts ([Table 1](#tab1){ref-type="table"}). Thus, it is likely that direct regulation of cell division genes in the *dcw* cluster contributes to the slowed initiation and progression of cell division, decreased grown rate, and altered cell shape of the NtrYX mutant. In addition, the effects of the loss of NtrYX on PG synthesis and hydrolysis, discussed above, could contribute to the observed effects on cell division, as these processes are necessary during septum formation and cell separation ([@B38]).

Evidence for regulation of the cell envelope by NtrYX in other bacteria. {#s3.4}
------------------------------------------------------------------------

Homologues of the NtrYX TCS have been identified across the bacterial domain, mostly in alpha- and betaproteobacteria ([@B6]). NtrX is typically annotated as a nitrogen regulation or assimilation protein; however, recent studies suggest that this is not a conserved function across bacterial species ([@B6], [@B9]). In this study, we show that NtrYX regulates the cell envelope in R. sphaeroides, while we did not find any evidence for regulation of nitrogen assimilation or metabolism. Genome-wide analysis for NtrX binding sites, similar to those performed here in R. sphaeroides, has not been reported in other bacteria, raising the question of whether there is a previously unrecognized role of this TCS in regulation of cell envelope more broadly across the phylogeny. To test this hypothesis, we analyzed potential genomic binding sites for NtrX in S. meliloti, where loss of NtrYX affects cell envelope properties ([@B9]), and in two other proteobacteria in which the NtrYX TCS is well-studied, B. abortus and Neisseria gonorrhoeae. R. sphaeroides NtrYX regulates the cell envelope by binding to sequences upstream of two operons in the conserved *dcw* gene cluster, *ddlA-ftsA* and *mraZ-mraY*, plus other genes ([Table 1](#tab1){ref-type="table"}). To assess the possible presence of conserved NtrX binding sites, we compared the mapped NtrX binding site upstream of *ntrYX* in B. abortus ([@B17]), the sequences bound by this transcription factor in R. sphaeroides upstream of the *ddlA-ftsA* and *mraZ-mraY* operons ([Table 1](#tab1){ref-type="table"}), and regions within 300 bp upstream of the *ddlA-ftsA* and *mraZ-mraY operons* in B. abortus, N. gonorrhoeae, and S. meliloti. This analysis revealed the existence of a common direct repeat sequence, GCAn9TGC, upstream of the first gene in each of these predicted operons ([Fig. 6A](#fig6){ref-type="fig"}). In addition, analysis of the genome-wide expression data available for a *ntrYX* mutant in S. meliloti revealed significant decreases in transcript levels (*P* \< 0.05) for genes in the *ddlA-ftsA* and *mraZ-mraY* putative operons ([@B9]). Searching the other DNA sequences bound by R. sphaeroides NtrX revealed matches to this conserved binding sequence ([Fig. 6A](#fig6){ref-type="fig"}), allowing the development of a putative binding site for this NtrC family RR ([Fig. 6B](#fig6){ref-type="fig"}). Although additional research is needed to test the identity of this sequence as the NtrX binding site, this analysis suggests that the ability of NtrYX to regulate the cell envelope is conserved across bacteria.

![Prediction of NtrX binding sites upstream of predicted cell envelope operons in R. sphaeroides, B. abortus, N. gonorrhoeae, and S. meliloti. (A) Summary of the predicted NtrX binding sites. Regions known to bind NtrX are indicated with an asterisk. Homologs of *ntrY*, *ddlA*, and *mraZ* are included for B. abortus, N. gonorrhoeae, and S. meliloti, as indicated. The predicted NtrX binding site is in capital letters within each sequence, and the distance listed is from the end of the predicted NtrX binding site to the start codon of the indicated gene. (B) Sequence logo of the NtrX binding motif derived from analyzing the 16 predicted NtrX binding sites listed in panel A.](mBio.00957-20-f0006){#fig6}

Indirect effects of the loss of NtrYX on the cell envelope. {#s3.5}
-----------------------------------------------------------

We also observed a large increase in transcripts encoding the zinc-dependent metalloamidase LpxC in the Δ*ntrYX* strain compared to parent cells. Given the known regulatory role of LpxC in lipid A biosynthesis ([@B42]), is not surprising that we measured a reproducible increase in LPS levels in cells lacking NtrYX. We did not identify NtrX binding sites upstream of *lpxC* or other LPS biosynthesis genes, suggesting that LPS biosynthesis is indirectly regulated by this TCS. Other alterations in the cell envelope in cells lacking NtrYX are not clearly attributable to direct targets of NtrX or other transcriptome changes in cells lacking this TCS (increased phospholipid content, OM permeability, and periplasm thickness). Thus, with these pleotropic effects on the cell envelope, it is premature to propose a specific mechanistic model of how NtrX coordinates these direct and indirect effects on the cell envelope. Additional studies are needed to determine whether the changes in LPS levels, and other envelope alterations, are consequences of alterations in PG synthesis, the direct impact of NtrX on other putative transcription factors (MraZ), the action of additional target genes (RSP_1860, RSP_0332-35, RSP_2974-75) including an uncharacterized putative diguanylate cyclase/phosphodiesterase, or indirect effects of cell envelope perturbations in cells that lack NtrYX.

In conclusion, we have combined genetic, genomic, biochemical, and imaging studies to obtain important new insight into the transcriptional regulon for R. sphaeroides NtrX and shown that the NtrYX TCS has positive and negative effects on expression of genes that encode cell envelope functions. Thus, we conclude that in R. sphaeroides, NtrYX has a direct role in regulating assembly and function of the bacterial cell envelope. The R. sphaeroides HK NtrY amino acid sequence has a high degree of identity to B. abortus NtrY, which acts as a redox sensor by binding heme through its PAS domain and modulating the activity of the kinase based on the oxidation status of the heme iron. The amino acid identify between the PAS domain in the B. abortus and R. sphaeroides NtrY proteins (40% identical amino acids), along with the predicted PAC domain of R. sphaeroides ([@B43]), adjacent to the PAS domain, suggest that it is possible that R. sphaeroides NtrY also binds heme as a cofactor and is activated by a change in O~2~ tension. It is therefore plausible that the R. sphaeroides NtrYX TCS is involved in the remodeling of its cell envelope that is known to occur at low O~2~ tension. In the future, it will be important to elucidate the molecular impact of NtrYX on cell envelope biology, define how activity of this system is controlled, place this in the context of cell envelope process or regulators, and determine whether this TCS is associated with changes in extracytoplasmic functions in other species.

MATERIALS AND METHODS {#s4}
=====================

Bacterial strains and growth conditions. {#s4.1}
----------------------------------------

R. sphaeroides 2.4.1 strains used in this study Δ0382 (parent), ΔNtrYXΔ0382 (Δ*ntrYX*), and KL116, have been described previously ([@B19]). Cultures were grown in Sistrom's minimal medium (SMM) ([@B44]), with 4 g/liter succinate, or where indicated 4.97 g/liter pyruvate (SMM-pyruvate). For aerobic cells, 10-ml cultures were grown in 125-ml flasks with shaking at ∼200 rpm at 30°C. For larger volumes, 500-ml cultures were grown in Roux bottles bubbled with 30% O~2~, 1% CO~2~, and 69% N~2~ (aerobic) or with 5% CO~2~ and 95% N~2~ (anaerobic). Anaerobic cultures were incubated in front of an incandescent light box with a light intensity of 10 W/m^2^ measured through a red glass filter. For N~2~-fixing conditions, a modified SMM was used without ammonium sulfate, glutamic acid, and aspartic acid.

RNA extraction and transcriptome analysis. {#s4.2}
------------------------------------------

R. sphaeroides cultures were grown aerobically in 500-ml cultures. At an optical density at 600 nm (OD~600~) of 0.3 to 0.4, 44 ml of harvested culture was combined with 6 ml of ice-cold stop solution (95% ethanol, 5% water-saturated phenol). These mixtures were centrifuged at 4°C for 10 min at 5,000 × *g*. Cell pellets were resuspended into 2 ml of lysis solution (2% sodium dodecyl sulfate \[SDS\], 16 mM EDTA in RNase-free water) and then incubated at 65°C for 5 min. Nucleic acid was extracted by adding equal volume of acid-phenol:chloroform (5:1; pH 4.5), mixing, incubating at 65°C for 5 min, mixing, and centrifuging at 16,000 × *g*. The aqueous phase was removed and extracted 2 more times, before adding an equal volume of chloroform, and centrifuging at 16,000 × *g* for 5 min. Then, 1/10 volume of 3 M sodium acetate and 1 ml isopropanol were added to the aqueous phase, followed by incubation at --20°C for 30 min, and then centrifugation at 16,000 × *g* for 30 min at 4°C to precipitate the nucleic acids. The pellet was washed with 75% ethanol and resuspended in RNase-free water. Samples were treated with RNase-free DNase and then purified with a RNeasy kit (Qiagen).

RNA-seq library preparation and sequencing were performed at the Joint Genome Institute. Libraries for sequencing were created using the Illumina TruSeq Stranded Total RNA kit (Illumina) following the standard protocol. RNA-seq libraries were sequenced on an Illumina NextSeq in 2x151 reads using the standard protocol. The paired-end FASTQ files were split into R1 and R2 files, and R1 files were retained for further analysis, as previous data contained only single-end reads. All FASTQ files were processed through the same pipeline. Reads were trimmed using Trimmomatic version 0.3 ([@B45]) with the default settings except for a HEADCROP of 5, LEADING of 3, TRAILING of 3, SLIDINGWINDOW of 3:30, and MINLEN of 36. After trimming, the reads were aligned to the R. sphaeroides 2.4.1 genome sequence (GenBank accession number GCA_000012905.2) using Bowtie2 version 2.2.2 ([@B46]) with default settings except that the number of mismatches was set at 1. Aligned reads were mapped to gene locations using HTSeq version 0.6.0 ([@B47]) using default settings except that the "reverse" strandedness argument was used. edgeR version 3.26.8 ([@B48], [@B49]) was used to identify significantly differentially expressed genes from pairwise analyses, using Benjamini and Hochberg ([@B50]) false discovery rate (FDR) of less than 0.05 as a significance threshold. Raw sequencing reads were normalized using the reads per kilobase per million mapped reads (RPKM). Pathway enrichment was performed using the SmartTable enrichment function at biocyc.org ([@B51]) using a *P* value of ≤0.05 as significant.

Chromatin immunoprecipitation analysis. {#s4.3}
---------------------------------------

R. sphaeroides KL116 cells, expressing isopropyl β-[d]{.smallcaps}-1-thiogalactopyranoside (IPTG)-inducible 3xMyc-tagged NtrX, were grown aerobically in 500-ml cultures. Cells were analyzed from two separate experiments using cultures grown with 3 or 50 μM IPTG at inoculation and harvested at mid-exponential phase. Chromatin immunoprecipitation (ChIP) was conducted as previously described ([@B52]), with polyclonal antibodies against the Myc epitope tag (ab9132; Abcam). Immunoprecipitated DNA was PCR amplified, gel purified (size selection, ∼200 bp) and sequenced at the University of Wisconsin-Madison Biotechnology Center sequencing facility, using a HiSeq 2500 sequencing system (Illumina, Inc.). The initial 50-bp sequence tags were mapped to the R. sphaeroides 2.4.1 genome (GenBank accession number GCA_000012905.2) using SOAP version 2.21 ([@B53]), allowing a maximum of two mismatches and no gaps. Peaks were identified using MOSAiCS ([@B54]) at a FDR of 0.05. The MOSAiCS analysis was conducted as a two-sample analysis, with ChIP-seq data from either input DNA or ChIP conducted with anti-Myc antibody in R. sphaeroides 2.4.1 without a Myc-tagged protein used as a control. Only peaks that were called significant using both controls (i.e., the intersect of the 2 analyses) were considered true peaks. The analysis was conducted using cells grown with 3 and 50 μM IPTG; [Table 1](#tab1){ref-type="table"} lists the peaks that were identified in both experiments, [Data Set S2](#dataS2){ref-type="supplementary-material"} in the supplemental material lists all the peaks identified in each replicate.

Microscopy. {#s4.4}
-----------

Bright-field microscopy images were acquired on a microscope EVOS FL auto with objective 100× oil immersion plan apochromat (numerical aperture, 1.40). Ten-milliliter aerobic cultures were grown until they reached an OD~600~ of 0.2 to 0.4 for exponential phase and an OD~600~ of \>0.8 for stationary phase. Cells were placed on a coverglass under a 1.5% agarose pad. To facilitate cell segmentation, bright-field pictures were treated in FIJI with background subtraction (rolling ball radius = 30 pixels \[pxs\]), bandpass filter (large filter, 40 pxs; small filter, 2 pxs) and contrast enhancing (0.1%). Bright-field images were segmented by the plugin MicrobeJ (green contour in [Fig. S1](#figS1){ref-type="supplementary-material"}A and D) ([@B22]). The constriction feature of MicrobeJ (yellow bar in [Fig. S1A](#figS1){ref-type="supplementary-material"}) detects cells with a constriction at the mid-cell, corresponding to dividing cells. To improve accuracy of segmentation, membrane dye FM4-64 (Setareh Biotech) was used to verify the constriction rings and visualize the division septa, and DNA stain DAPI (Sigma-Aldrich) was used to assess for condensed DNA. Unpaired *t* tests were performed using software R.

TEM was performed as described previously ([@B20]), except that uranyl acetate was substituted with uranyl acetate alternative (Ted Pella). The periplasmic thickness was measured directly in Digital Micrograph in cell cross sections, as a perpendicular distance between the IM and OM.

Analysis of PG precursors. {#s4.5}
--------------------------

For hot water extracts, strains were grown aerobically for 3 days in 10-ml cultures in SMM-pyruvate and then diluted to an OD~600~ of 0.25 into 3 ml fresh medium in 25-ml Erlenmeyer flasks with 10-μCi/ml \[^3^H\]glucosamine. Cultures were grown for 5 h,  then washed twice with 3 ml medium, and added to 3 ml fresh medium. In order to determine the amount of incorporated label, the radioactivity of 30 μl of suspended culture was measured in counts per minute (cpm) by liquid scintillation counting. Cells were grown for an additional 45 min and then washed twice with 1 ml cold water, and the pellet was left on ice for 5 min. Pelleted cells were then suspended in 2 ml boiling water and then boiled for an additional 5 min. Samples were cooled to room temperature and centrifuged at 17,000 × *g* for 20 min. Soluble peptidoglycan precursors in the supernatant were then separated by size exclusion chromatography, and fractions were counted by liquid scintillation counting as described previously ([@B55]). Fraction cpm values were normalized to incorporated label of the parent strain.

Cellular macromolecule measurements. {#s4.6}
------------------------------------

Ten-milliliter exponential-phase aerobic cultures were harvested by centrifuging at 10,000 × *g* for 15 min at 4°C, and the cell pellet was resuspended in an equal volume of medium. For protein, nucleic acid, and LPS measurements, the cells were lysed by sonicating on ice. Protein concentration was measured using the Pierce BCA protein assay kit (ThermoFisher Scientific), and nucleic acids were measured using a Qubit fluorimeter using the 1× dsDNA HS assay kit and the RNA BR assay kit (Invitrogen). LPS was measured using the Pierce LAL chromogenic endotoxin quantification kit (ThermoFisher Scientific) with samples serially diluted in endotoxin-free water. All kits were used according to the manufacturers' protocols. Lipid extraction with chloroform-methanol, esterification, gas chromatography-mass spectrometry (GC-MS) analysis, and quantification ([@B20]) were performed using 2.5-ml samples. The measured fatty acid levels were converted using the average phospholipid molecular weight of 718.1 g/mol, which takes into account the relative abundance of the fatty acid species that we measure, and the reported composition of the three most abundant phospholipids in R. sphaeroides ([@B56], [@B57]).

Absorbance scans to detect pigment-protein complexes were performed on 200 μl of aerobic culture in Nunc 96-well black optical-bottom plates (ThermoFisher Scientific), using an Infinite M1000 plate reader (Tecan). Strains and growth conditions that contain pigment-protein complexes ([@B20]) were used as positive controls.

Cell permeability assays. {#s4.7}
-------------------------

OM permeability was measured on exponential cells (OD~600~ of 0.3 to 0.5) grown in 10-ml aerobic cultures, washed, and resuspended with 5 mM HEPES, and normalized to an OD~600~ of 0.5. NPN uptake assays were performed as described previously ([@B30]), using a final concentration of 5 μM NPN. Fluorescence measurements (excitation, 340 nm; emission, 400 nm) were taken on an Infinite M1000 plate reader (Tecan). Background fluorescence of NPN only (no cells) was subtracted from all fluorescence measurements and then scaled relative to untreated parent cells.

PI staining was measured on cell samples prepared as for NPN assays, except that phosphate-buffered saline (PBS) was used to wash and resuspend the cells. PI (1.0 mg/ml in water) (ThermoFisher Scientific) was diluted to 10 μg/ml in PBS. To perform the assays, 10 μl Triton X-100 (0.2% or 2%), 20 μl PI, and 170 μl cell solution were combined in Nunc 96-well black optical-bottom plates (ThermoFisher Scientific). Fluorescence (excitation 535 nm, emission 625 nm) was read immediately, and calculations were performed as for NPN assays.

NtrX binding site analysis. {#s4.8}
---------------------------

To identify potential NtrX binding sequences, we compared the sequence identified from foot-printing full-length wild-type NtrX on the *ntrY* promoter in B. abortus ([@B17]) to known binding sequences for NtrC family transcription factors ([@B58][@B59][@B62]), since NtrX is a member of the NtrC subfamily of RRs ([@B17]). The common sequence pattern that emerged from this comparison was GCAnnnnnnnnnTGC, so this was used to search sequences 300 bp upstream of the ATG start codon for the first gene in each predicted operon for potential NtrX binding sequences. We first searched the seven sites known to be bound by R. sphaeroides NtrX ([Table 1](#tab1){ref-type="table"}) and the B. abortus *ntrY* promoter ([@B17]). We also examined the DNA upstream of *ntrY* in N. gonorrhoeae and S. meliloti and that upstream of the predicted *dcw* gene cluster operons *ddlA-ftsA* and *mraZ-mraY* in B. abortus, N. gonorrhoeae, and S. meliloti for NtrX binding sites. The single best potential NtrX binding sequence in each of these regions was identified, and a logo was derived from these 16 potential binding sites using WebLogo (<https://weblogo.berkeley.edu>).

Data availability. {#s4.9}
------------------

The RNA-seq and ChIP-seq data are available in the National Center for Biotechnology Information Gene Expression Omnibus under accession number GSE145442.
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